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LANA is essential for tethering the Kaposi’s sarcoma-associated herpesvirus (KSHV) genome to metaphase chromosomes and
for modulating host-cell gene expression, but the binding sites in the host-chromosome remain unknown. Here, we use LANA-
specific chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-Seq) to identify LANA binding sites
in the viral and host-cell genomes of a latently infected pleural effusion lymphoma cell line BCBL1. LANA bound with high occu-
pancy to the KSHV genome terminal repeats (TR) and to a few minor binding sites in the KSHV genome, including the LANA
promoter region. We identified 256 putative LANA binding site peaks with P < 0.01 and overlap in two independent ChIP-Seq
experiments. We validated several of the high-occupancy binding sites by conventional ChIP assays and quantitative PCR. Can-
didate cellular LANA binding motifs were identified and assayed for binding to purified recombinant LANA protein in vitro but
bound with low affinity compared to the viral TR binding site. More than half of the LANA binding sites (170/256) could be
mapped to within 2.5 kb of a cellular gene transcript. Pathways and Gene Ontogeny (GO) analysis revealed that LANA binds to
genes within the p53 and tumor necrosis factor (TNF) regulatory network. Further analysis revealed partial overlap of LANA and
STAT1 binding sites in several gamma interferon (IFN-�)-regulated genes. We show that ectopic expression of LANA can down-
modulate IFN-�-mediated activation of a subset of genes, including the TAP1 peptide transporter and proteasome subunit beta
type 9 (PSMB9), both of which are required for class I antigen presentation. Our data provide a potential mechanism through
which LANA may regulate several host cell pathways by direct binding to gene regulatory elements.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a causative
agent of Kaposi’s sarcoma (KS), pleural effusion lymphomas

(PEL), and multicentric Castleman’s disease (17, 36, 49). KSHV is
a member of the gammaherpesvirus family and can establish long-
term latent infection in human B lymphocytes. Latent infection is
also detected in endothelial cells associated with KS lesions. Dur-
ing latent infection, only a small portion of viral genes are ex-
pressed, and these genes are known to promote host-cell survival
and viral genome maintenance. Among these KSHV latency
genes, the latency-associated nuclear antigen (LANA) is consis-
tently expressed in all forms of KSHV-positive tissues and cell
lines (24, 25, 44, 56).

LANA is essential for maintaining the episomal form of the
viral genome during latency (4, 12, 56). This maintenance func-
tion is mediated by direct and indirect DNA-binding of LANA to
the viral and cellular chromosomes (19, 21). The LANA C-termi-
nal domain binds directly to two LANA-binding sites (LBS) in the
KSHV terminal repeats (TR) that confer DNA replication origin
function for the latent viral episome (5, 18, 19, 22, 53). LANA
maintains stable episome copy number by tethering KSHV epi-
somes to host metaphase chromosomes (4, 5). This function is
mediated through the LANA N-terminal chromatin binding do-
main that interacts with metaphase chromosome constituents, in-
cluding the core histones H2A and H2B (6, 42). LANA also main-
tains KSHV latency by repressing transcription of the viral
immediate-early gene ORF50, which activates the switch from la-
tency to lytic replication (28, 32, 60).

In addition to regulating viral genome copy number and gene
expression, LANA modulates host cell gene expression. LANA
interacts with various transcription factors and chromatin regu-
latory proteins, including BRD2 (57, 58), BRD4 (40, 61), HP1
(30), ORC (31, 53), PARP1 (39), p53 (9, 15), Rb (51), mSin3 (26),

DNMT3a (50), and RBP-J� (28). Many of these interactions have
profound effects on host-cell physiology, including enhanced pro-
liferation and survival. For example, LANA binding to p53 inhib-
its p53 transcriptional activity and prevents p53-mediated apo-
ptosis (9, 15). LANA can also alter host-cell interactions with the
immune system and attenuate the antiviral response. For exam-
ple, LANA inhibits interleukin-4-mediated STAT4 phosphoryla-
tion to inhibit apoptosis and maintain latency (7). LANA also
inhibits beta interferon (IFN-�) expression by competing with
IFN regulatory factor-3 for binding to IFNB promoter to attenu-
ate the innate antiviral response of the host (10).

Global gene expression profiling studies have revealed that
LANA modulates a spectrum of cellular genes when ectopically
expressed (2). Among these genes were several members of the
p16/Ink4 pathway, as well as components of the immunomodu-
latory response. Whether LANA binds directly or indirectly to the
regulatory regions of these genes remains largely unknown. It is
also unknown whether LANA binds to specific regions of the cel-
lular chromosome to support episome tethering during cell divi-
sion. To identify cellular binding sites for LANA, we applied Illu-
mina/Solexa-based deep sequencing methods to analyze the
genome-wide interaction sites of LANA in KSHV latently infected
BCBL1 PEL cells. Our result revealed numerous LANA binding
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sites throughout the host genome and a subset of those binding
sites located close to known transcription start sites. Our data also
suggest that LANA has the potential to interfere with STAT1-
dependent IFN-� regulation to modulate host cell antiviral im-
mune response.

MATERIALS AND METHODS
Cells and plasmids. KSHV-positive PEL BCBL1, BC-1, and JSC-1 cells
and KSHV-negative Burkitt lymphoma DG75 and BJAB cells were main-
tained in RPMI-1640 containing 10% fetal bovine serum and supple-
mented with GlutaMAX (Invitrogen) and antibiotics (penicillin and
streptomycin). pCMV-FLAG-LANA-FL was previously described (32).
Recombinant LANA-DNA binding domain (DBD) was constructed by
PCR amplification of LANA DBD (amino acids [aa] 936 to 1162) with
primers introducing a 5= BamHI and 3= XhoI site cloned in frame to a
baculovirus expression vector pFASTBACHTb. LANA-DBD was ex-
pressed with an N-terminal hexahistidine tag from baculovirus-infected
Sf9 cells and purified using Ni-NTA agarose.

ChIP-Seq. Chromatin immunoprecipitation for high-throughput se-
quencing (ChIP-Seq) experiments were performed with 107 BCBL1 cells
per assay with either LANA rat monoclonal antibody (Advanced Biotech-
nologies, Inc., Gaithersburg, MD) or control mouse IgG (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA). The ChIP methods were described
previously (33) except that protein G-Sepharose was replaced by Dyna-
beads protein A (Invitrogen). DNA fragments in the range of ca. 150 to
300 bp were isolated by agarose gel purification, ligated to primers, and
then subjected to Solexa-based sequencing using manufacturer’s recom-
mendations (Illumina, Inc.).

ChIP assays. ChIP assays were performed as described previously (8).
Quantification of precipitated DNA was determined using real-time PCR
and the threshold cycle (CT) method for relative quantification (ABI
7900HT Fast Real-Time PCR System; Applied Biosystems). The primers
used for the ChIP assays are listed in Table S1 in the supplemental mate-
rial. The following antibodies were used for ChIP assays: anti-LANA (rat
monoclonal antibody 13-210-100; Advanced Biotechnology), anti-IgG
(mouse sc-2025 and rabbit sc-2027 antibodies; Santa Cruz Biotechnol-
ogy), and anti-STAT1 (rabbit polyclonal sc-345; Santa Cruz Biotechnol-
ogy).

EMSA. DNA fragments were labeled using T4 polynucleotide kinase
(NEB) in the presence of [�-32P]ATP and purified using G-25 spin col-
umns (GE Healthcare). Purified LANA-DBD was incubated with probes
at room temperature for 30 min in a total volume of 20 �l of buffer
containing 10 mM Tris-HCl (pH 8.0), 100 mM KCl, 1 mM EDTA, 10 mM
MgCl2, 0.05 �g of poly(dI-dC)/�l, 0.5 �g of bovine serum albumin/�l,
0.05% NP-40, 35 mM �-mercaptoethanol, and 10% glycerol. For compe-
tition assay, 50-pmol portions of cold competitors were mixed with
LANA-DBD, and then 0.05 pmol of labeled LBS1/2 probe was added to
each reaction, followed by incubation for 30 min. The samples were then
separated by electrophoresis on a native 5% polyacrylamide gel. The gels
were dried and analyzed using a Typhoon PhosphorImager system. The
probe and competitor oligonucleotide sequences are listed in Table S2 in
the supplemental material.

Quantitative RT-PCR. Briefly, 5 � 106 DG75 cells were centrifuged
and resuspended in 100 �l of nucleofection solution T (Lonza) containing
5 �g of FLAG-LANA or vector control and 0.5 �g of pmaxGFP (Lonza)
and then electroporated on a Lonza nucleofector using the program A-23.
After nucleofection, the cells were transferred to a flask containing 20 ml
of fresh, complete RPMI 1640 medium, incubated at 37°C for 24 h, and
induced with or without 5 ng of human recombinant IFN-�/ml for an-
other 24 h. The green fluorescent protein (GFP)-positive cells were then
sorted and used in reverse transcription-PCR (RT-PCR) analyses. RNA
was isolated from 2 � 105 cells using an RNeasy kit (Qiagen) and then
further treated with DNase I. RT-PCR was performed as previously de-
scribed (32). Real-time PCR was performed with SYBR green probe in an
ABI Prism 7900 according to the manufacturer’s specified parameters.

Primer sequences for RT-PCR are listed in Table S3 in the supplemental
material.

Bioinformatics analysis of ChIP-Seq sequencing. We followed pub-
lished procedures for the bioinformatics analysis of ChIP-Seq data (29, 46,
63). Briefly, image analysis and base calling of ChIP-Seq data was per-
formed using Illumina pipeline software. Sequence alignment to the hu-
man genome hg18 was performed using Bowtie. Only uniquely aligned
sequence tags, with up to two mismatches, were considered for further
analysis. Tags aligned to blacklisted areas (the ENCODE consortium
blacklist was downloaded [http://genome.ucsc.edu/cgi-bin/hgFileUi?db
�hg19&g�wgEncodeMapability]), and the multiple tags that aligned to
the exact same position were also removed before the peak calling step.

Peak calling. Significant peaks were identified using a two-step pro-
cedure, which we have successfully applied in our recent studies (41, 54).
In the first step, statistically significant enriched genomic regions (length,
1 kb) were identified. A region is defined as statistically significant if the
difference in the number of reads between experiment (LANA) and con-
trol IgG samples within the region is higher than a given cutoff read count
calculated using a P value of 0.01. Each ChIP-Seq read distribution in the
genome can be considered the Poisson distribution, and the difference of
two Poisson distributions is given by the Skellam distribution (52). The
Skellam probability mass function is given by the following equation:

P(n, �1, �2) � e�(�1��2)��1

�2
�n ⁄ 2

In�2��1 �2
��

where n represents number of reads, �1 and �2 are mean number of
reads for two different samples and In(2��1�2) is a modified Bessel func-
tion. A region is considered statistically significant if the difference in the
number of reads between experiment (LANA) and control IgG samples
within the region is higher than a given cutoff read count calculated using
a P value of 0.01 based on the Skellam distribution.

For each of the statistically significant enriched regions, ChIP-Seq read
overlapping profiles were created by extending the sequence reads from
the 5= end to the 3= end of the reads up to 250 bp (the average length of the
ChIP-DNA fragment sequenced from the Solexa GA with an Illumina
standard ChIP-Seq protocol) for the experiment sample. Then, within
each enriched region, the significant enriched peaks in experimental data
are identified based on a threshold read count obtained from a second
cutoff P value of �0.01, using a Poisson distribution on the experimental
sample only.

For the KSHV genome, the peak calling method (29, 46, 63) was mod-
ified to accommodate the smaller size of the genome, as the KSHV ge-
nome is too small to build a robust Poisson distribution model. Also,
unlimited multiple mapping was allowed to find the ChIP-Seq peaks in
terminal repeat regions. After mapping read tags to the KSHV genome,
reads were extended to the average read length. In the case of multiple
mapped sequence reads, each read was counted as the fraction 	1/n to
determine the read counts at each base, where n is the total number of
multiple maps of the sequence in the genome. In the next step, the number
of reads per base was calculated for moving windows of 250 bp, at every
5-bp interval, by dividing the total read count in each window by its
length. Then, the reads per base counts were scaled by using a factor with
total reads in the KSHV genome (104/total reads). The normalized scores
were assigned to the middle base of the corresponding moving window.
After applying the above method for the two samples, average score was
obtained as final score at every moving window. Finally, peaks were ob-
tained using the definition of mathematical maximum on the average
scores using the predefined cutoff described above. All reads were mapped
to the BCBL1 reference genome (NCBI no. HQ404500) with 35 TRs
(NC_009333, nucleotides [nt]137169 to 137969).

Annotating the ChIP-Seq LANA peaks to known genes. LANA peaks
that overlap from the two independent ChIP-Seq samples were annotated
to genes if they were located within 2,500 bp up- or downstream of known
gene open reading frames. Any two consecutive peaks that are within 250
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bp of each other are considered overlapping since the average tag length is
around 250 to 350 bp.

Ingenuity analysis. For pathway analysis, we listed all genes that are
annotated to ChIP-Seq peaks with a cutoff of peak score of 
5. This gene
list was then analyzed using Ingenuity Systems IPA software (IPA version
8.7, content version 3202).

LANA binding motif identification. We selected enriched genomic
regions (P � 0.01) from the two independent ChIP-Seq samples (over-
lapped peaks only) for motif identification. Computational motif predic-
tion was performed by submitting a set of DNA sequences, each 100 bp in
length (50 bp around each peak), to the MEME web application version
4.3 (3) (http://meme.nbcr.net/meme/intro.html) to find statistically en-
riched sequence motifs within the ChIP-Seq peak regions. Possible
LANA-binding motifs were predicted based on the highest number of
occurrences with the lowest P value, with the parameters “Any number of
repetitions” of motifs per sequence, and motif length limited to ca. 6 to 30
nt. Position-weighted matrixes (PWMs) generated by MEME were then
represented in the logo format by using WebLogo (13) (http://weblogo
.berkeley.edu/logo.cgi) to generate consensus sequences for multiple
LANA cellular binding sites. To assess the similarity of the two motifs
found from our ChIP-Seq with the published LBS1 and LBS2 sequences
(18), we utilized the STAMP DNA motif comparison tool-kit (http://www
.benoslab.pitt.edu/stamp/) (35). Motif 1 and motif 2 (as shown in Fig. 4A)
were submitted to STAMP as PWMs, along with the LBS1 and LBS2 se-
quences (5=-CGCCCGGGCATGGGGC-3= and 5=-CGCCGCCGGGGCC
TGCGG-3=, respectively). The STAMP setup parameters were as follows:
column comparison was done by using the Pearson correlation coeffi-
cient, and local alignment was done by using the ungapped Smith-Water-
man method with a preference against the edges of the motif.

Overlap of LANA and STAT1 bound genomic regions. The list of
LANA-binding enriched genomic regions was matched for overlapping
regions with the IFN-�-stimulated STAT1 ChIP-Seq enrich regions (data
set downloaded from the supplementary data of Robertson et al. [46]) by
uploading both data sets (in BED format) as custom tracks on to the
UCSC genome browser (http://genome.ucsc.edu/) and using the table
browser to output the list of all LANA enrich regions that have any overlap
with STAT1 enrich regions.

RESULTS
ChIP-Seq analysis of LANA binding to the KSHV genome. To
identify LANA interactions sites on the KSHV and cellular ge-
nome, we performed two independent LANA-specific ChIP-Seq
experiments using the KSHV-positive PEL cell line BCBL1.
BCBL1 cells were selected for LANA ChIP-Seq experiments be-
cause they maintain a stable copy number of KSHV episomes and
because they are not infected with other gammaherpesviruses,
such as Epstein-Barr virus (EBV). Anti-LANA monoclonal anti-
body and IgG control ChIP DNA was analyzed by Solexa-Illu-
mina-based sequencing methods. A summary of Solexa sequenc-
ing and gene mapping statistics is included in Table S4 in the
supplemental material. Sequence reads were first mapped to the
KSHV genome (NCBI reference sequence HQ404500), and LANA
enriched peaks are shown in Fig. 1A. The KSHV genome present
in virions consists of a large unique region (LUR) flanked at each
end by variable numbers (normally 35 to 45) of terminal repeats
(TR). Since HQ404500 contains only the LUR for the KSHV ge-
nome derived from BCBL1 cell lines, we therefore attached 35
copies of the TR sequence to the end of the LUR sequence used for
mapping. As expected, the major ChIP-Seq peaks for LANA
mapped to the TR region (Fig. 1A). We also observed several
smaller LANA binding peaks throughout the KSHV genome (Ta-
ble 1), including a cluster in the latency control region spanning
nucleotide (nt) position 120000 to 128000 that contained a major

LANA binding peak at the LANA promoter (LANAp) region
(marked with red asterisk) as shown in Fig. 1B. To validate these
findings, we tested the relative binding of LANA to the site at
LANAp compared to TR by conventional ChIP assays. We found
that LANA bound TR �148-fold more than LANAp (Fig. 1D),
indicating that LANAp represents a much less occupied binding
site relative to TR. However, LANAp was significantly enriched
relative to control R2 region (7-fold enriched) and relative to con-
trol IgG at LANAp (9-fold enriched) (Fig. 1E), indicating that
LANA does bind to LANAp with specificity. The relatively small
peak score at LANAp may reflect weaker or indirect binding of
LANA to this region. Previous studies showed LANA associates
with KSHV ORF50 promoter through indirect interactions (28,
32), but these binding sites were not observed in our ChIP-Seq
data. The failure to detect these additional interactions of LANA
with KSHV genome may reflect some of the limitations of our
ChIP-Seq methods, as well as the nature of the indirect LANA-
DNA interactions at these additional sites. The complete list of
LANA binding peaks in KSHV genome with a cutoff of peak score
of 
2 is included in Table 1. We conclude that LANA binds pre-
dominantly to the KSHV TR and to a few additional minor sites
throughout the KSHV genome (Table 1).

We further investigated the major peaks at the TR region and
found that the nucleotides with highest peak scores were posi-
tioned at LBS1/2 (Fig. 1C), which were previously identified as
high-affinity LANA binding sites at TR. We also found another
peak with a relatively lower score located at the border between
unique region and TR. We selected three different reads (R1 to R3)
from this peak region and examined LANA binding to these three
sites relative to LBS1/2. First, we performed an independent ChIP
assay using real-time PCR methods. LANA was highly enriched at
the LBS1/2, as expected (Fig. 1D and F), and was partially enriched
at R3 located at the beginning of the TR but was not detected at
sites R1 and R2, which are situated in the unique region of the
KSHV genome (Fig. 1F). To determine whether LANA binds di-
rectly to the R3 region, we assayed the ability of purified LANA
DNA-binding domain (DBD) to bind the candidate sequences in
vitro using electrophoretic mobility shift assay (EMSA) (Fig. 1G).
As expected, LANA-DBD bound efficiently to the LBS1/2 contain-
ing two LANA binding sites LBS1 and LBS2. However, LANA-
DBD failed to bind DNA probes containing either R3 or R2 bind-
ing sites. This suggests that the R3 ChIP peak is not mediated by
direct interaction with the LANA DBD and may represent an in-
direct interaction between LANA and cellular factors, including
higher-order chromatin structure of LANA binding at TR. Alter-
natively, R3 may represent a shoulder of the LBS1/2 peak, since it
is located within �150 bp across each iterated TR junction.

ChIP-Seq analysis of LANA binding to the human genome.
To identify highly confident LANA binding sites in the cellular
genome, we focused on those peaks with P values of �0.01 (using
the Skellam distribution) and overlaps of �250 bp between peak
centers for two independent ChIP-Seq experiments. Using these
selection criteria, we identified 256 LANA binding peaks. Among
the 256 total LANA binding peaks, 170 were mapped to within 2.5
kb of a known gene transcript (see Table S5 in the supplemental
material). Inspection of 256 total LANA binding peaks showed
that the binding sites were at various positions relative to tran-
scription start sites (Fig. 2A), with 45 peaks (�17.5% among 256
total LANA binding sites) situated within 
2 kb of the transcrip-
tion start site (TSS).
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Pathways analysis of genes near LANA binding sites. To in-
vestigate the potential functional significance of LANA associa-
tion with cellular genes, we performed an Ingenuity analysis with
a list of genes selected from LANA ChIP-Seq analysis (see Table S5

in the supplemental material) with a peak score cutoff of 5. Two
major biological networks were successfully generated, and in-
cluded primary nodes linked by p53 (Fig. 2B) and tumor necrosis
factor (TNF) (Fig. 2C). The p53 network had a highly significance
score of 26, included PTEN and DNMT3A, and was annotated as
cell death, cellular function and maintenance, and organ mor-
phology (Fig. 2B). The focus genes with their LANA binding peak
scores in the p53 network are listed in Table S6 in the supplemen-
tal material. The TNF network had a significance score of 15, in-
cluded LANA binding sites at the TAP1, PSMB9, and miR21
genes, and was annotated as cellular function and maintenance,
cellular movement, and cell cycle (Fig. 2C). The focus genes with
their LANA binding peak scores in the TNF network are also listed
in Table S7 in the supplemental material.

Validation of LANA ChIP binding sites. To validate the
LANA binding sites determined by ChIP-Seq, we assayed 11 inde-
pendent loci by traditional ChIP followed by quantitative PCR.
Six of these loci were from the 256 peaks that overlap in the two
independent ChIP assays (Fig. 3A). Five additional loci were se-
lected from peaks identified in only one of the two ChIP-Seq ex-
periments (Fig. 3B). We also compared LANA binding in three

FIG 1 LANA binding activity on KSHV genome. The UCSC genome browser was used to map LANA ChIP-Seq enrichment peaks to the BCBL1 KSHV genome
(GenBank accession no. HQ404500) with 35 copies of terminal repeat (TR) sequence attached. (A) The peaks represent an average of the results of two
independent ChIP-Seq replicates. Zoomed-in views of the latency cluster region and TR region are shown in panels B and C, respectively. ORF50 and LANA
transcripts are indicated as colored arrows in panels A and B. LANA and K14 genes are indicated in panel B. The LANA binding peak at the LANA promoter was
marked with a red asterisk. The long unique region (LUR) and TR are indicated in panel C. The annealing locations of the primers for ChIP-PCR validation are
indicated in panel C, including region 1 (R1), region 2 (R2), region 3 (R3), and LANA binding sites 1 and 2 (LBS1/2). LANA (black bars) or control IgG (gray bars)
were assayed by ChIP and quantitative PCR in BCBL1 cells for DNA binding at the LANA promoter compared to LBS1/2 (D) or with R2 (E). (F) LANA (black
bars) or control IgG (gray bars) were assayed by ChIP in BCBL1 cells for DNA at R1, R2, R3, or LBS1/2. (G) EMSA analysis of 32P-labeled probes containing R2,
R3, or LBS1/2.

TABLE 1 LANA binding peaks in the KSHV genome with a peak score
cutoff of 
2a

Gene
KSHV genome
position

Avg peak
score

K7 28800 2.541
vIRF2 92470 2.082
ORF71 121555 2.43
ORF72 122615 3.055
LANA promoter 126680 4.631
K15 3=UTR 133655 2.277
K15 133755 2.18
TR 136125 7.724
TR (LBS1/2) 136955 13.167
a LANA peaks generated from two independent ChIP-Seq analyses were annotated to
the KSHV genome (HQ404500). The average peak scores for each LANA binding peak
are listed. UTR, untranslated region.
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different KSHV positive PEL cell lines, BCBL1 (Fig. 3A and B),
JSC-1 (Fig. 3C and D), and BC-3 (Fig. 3E and F). The GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) locus was used as a
negative control. LANA binding sites derived from the list of 256
overlapping sites observed in both ChIP-Seq experiments (includ-
ing TAP1, FBXO4, IQGAP3, PARL, NIPAL2, and MEI) were also
enriched by real-time PCR relative to IgG in BCBL1 (Fig. 3A). The
LANA ChIP-Seq binding sites observed in only one ChIP-Seq ex-
periment (including NIPBL, IFI6, MRVI1, ACVR1C, and
METTLE2B) were also enriched by real-time PCR relative to IgG
in BCBL1 cells (Fig. 3B). LANA also bound to most of these sites in
JSC-1 (Fig. 3C and D) and BC-3 cells (Fig. 3E and F), with some
exceptions. LANA failed to bind to NIPAL2 in JSC-1 cells and to
IFI6 in BC-3 cells. LANA did not bind to the negative control
GAPDH in any cell types. These findings indicate that most, but
not all, of the high confidence (P � 0.01) ChIP-Seq peaks can be
validated by conventional ChIP assay with site-specific primers.

Identification of LANA-binding motifs in the host chromo-
some. To identify consensus LANA-binding sites in the cellular
genome, the enriched LANA binding sites from both ChIP-Seq
samples were analyzed using the MEME web application (http:
//meme.nbcr.net/meme4_3_0/cgi-bin/meme.cgi). The top two
candidate motifs are shown in Web LOGO format (Fig. 4A). A
total of 50 LANA binding sites contribute to the motif 1, and 36
total binding sites contribute to the motif 2. Since the motif 1
sequence appears to be similar to the core sequence of KSHV
LBS1, we subjected both motif 1 and motif 2 to computational
comparison with the sequences of LBS1 and LBS2 (18). Interest-
ingly, motif 1 aligned to both LBS1 and LBS2, with E-values of
1.1102e–16 and 6.3625e–12, respectively, while motif 2 is rela-
tively less similar to either LBS1 or LBS2 with E-values of
1.7621e– 05 and 9.3032e– 04 (see Table S8 in the supplemental
material). The consensus sequences of each motif were synthe-
sized as 2� repeat oligonucleotides for use in EMSA to compare
with LANA binding site LBS1/2 (see Table S2 in the supplemental
material). As shown in Fig. 4B, 2� motif 1 probe (lanes 1 to 4)
formed both fast and slow mobility complexes with LANA-DBD.
The shift pattern was similar to the control LBS1/2 probe (lanes 9
to 12), although the binding affinity was considerably lower than
for LBS1/2. LANA-DBD also shifted 2� motif 2 probe but formed
only a single fast mobility complex. To determine whether LANA
bound to any of the specific sites at cellular loci, we next tested the
ability of candidate LANA binding sites to compete for binding to
the LBS1/2 probe (Fig. 4C). As a positive control, we assayed the
ability of 1,000-fold excess of unlabeled LBS1/2 fragment to com-
pete with 32P-labeled LBS1/2 (Fig. 4C, lanes 3) and, as expected,
found that unlabeled LBS1/2 competitor abolished LANA-DBD

FIG 2 Summary of LANA ChIP-Seq. (A) LANA peaks generated from two
independent ChIP-Seq analyses were annotated to genes if they were located
within 2,500 bp up- or downstream of known gene open reading frames. The
annotated peaks from the two independent ChIP-Seq sets were then scanned
for overlapping peaks, where centers within 250 bp of each other are consid-
ered overlapping. The overlapped peaks were analyzed for their distance from

transcription start sites annotated in the RefSeq database. Peaks were binned
into windows of 1,000 bp, as indicated in the x axis. (B) Ingenuity Pathways
analysis was performed on the list of gene containing LANA peaks (P � 0.01)
generated from overlaps of two independent ChIP-Seq assays. The network in
panel B centered around p53 with a score of 26 and annotated as cell death,
cellular function and maintenance, and organ morphology. (C) The network
shown here centered around TNF with a score of 15 and annotated as cellular
function and maintenance, cellular movement, and cell cycle. Genes with
LANA binding sites are highlighted with pink. Solid lines represent direct
interactions, while dashed lines represent indirect interactions. Lines with a
solid arrowhead represent “acts on”; plain lines represent a “binding-only”
relationship.
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to labeled LBS1/2. Among five cellular binding sites, only IFI6
(lane 6) showed partial competition, and substantially weaker
competition was observed for TAP1 (lane 4) and IQGAP3 (lane
5). Since LANA affinity for LBS1/2 may be orders of magnitude
higher than that of other candidate sites, we performed EMSA
with direct labeling of several of the candidate binding sites (Fig.
4D, and data not shown). Compared to the LBS1/2 probe, only the
TAP1 and IFI6 binding site formed a relatively weak complex with
LANA (Fig. 4D). These data suggest LANA DBD may bind weakly
to some cellular binding sites, such as those found at the TAP1
promoter region. These findings also indicate that LANA binds
LBS1/2 with considerably higher affinity than for most other viral
and cellular binding sites tested and that additional cellular factors
or modifications may be required for high-affinity binding in
vitro.

Overlapping LANA binding peaks with STAT1. We noted
that the LANA binding site upstream of the TAP1 and PSMB9
(LMP2) genes are located in a bidirectional promoter regulatory
element known to be IFN-�-inducible (16, 34, 45). Since IFN-�
signals mainly through the JAK-STAT pathway to achieve tran-
scriptional activation of IFN-�-inducible genes (23, 55, 62), we
compared our LANA ChIP-Seq analysis data with IFN-�-induc-

ible STAT1 DNA binding ChIP-Seq data from a previously
published study (http://www.nature.com/nmeth/journal/v4/n8
/suppinfo/nmeth1068_S1.html) (46). We observed that several
LANA binding sites either colocalized with or are located adjacent
to STAT1 binding sites at promoter regions of several IFN-� in-
ducible genes, including TAP1/PSMB9, FBXO4, IQGAP3, and
PARL (Fig. 5). These observations suggest that LANA may alter
STAT1 function at these IFN-�-inducible genes.

Regulation of IFN-� response gene expression by LANA. To
determine whether LANA could affect transcription regulation of
genes with overlapping LANA and STAT1 binding sites, we as-
sayed the ability of LANA to alter transcription in response to
IFN-� treatment (Fig. 6A). We observed that TAP1/PSMB9,
FBXO4, IQGAP3, and PARL were IFN-� inducible in KSHV-pos-
itive PEL cells. Unfortunately, we were unable to deplete LANA
sufficiently using siRNA or shRNA methods to observe any
LANA-dependent changes in this induction (data not shown).
Alternatively, we transiently transfected KSHV negative B-cell
lymphoma cell lines with expression vectors for FLAG-LANA or
control vector and then assayed the changes in IFN-�-inducible
gene expression for LANA bound genes. In the absence of IFN-�
treatment, we found that FLAG-LANA inhibited the expression of

FIG 3 Real-time PCR validation of ChIP-Seq data for LANA cellular binding sites. ChIP assays with antibody to LANA (black bars) or control IgG (gray bars)
were conducted with either BCBL1 cells (A and B), JSC-1 cells (C and D), or BC-3 cells (E and F). LANA peaks annotated to TAP1, FBXO4, IQGAP3, PARL,
NIPAL2, and MEI1 (peaks found in two independent ChIP-Seq) were validated in panels A, C and E. NIPBL, ACVR1C, METTL2B, MRVI1, or IFI6 (peaks from
a single ChIP-Seq only) or GAPDH (control) were validated in panels B, D, and F.
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TAP1 and PARL mRNA by �3-fold but had no measurable effect
on other candidate genes (Fig. 6A). IFN-� treatment led to the
transcription activation of TAP1, PSMB9, and PARL, which is
consistent with previously published studies (48). Ectopic expres-
sion of LANA inhibited the IFN-�-inducible transcription of
TAP1, PSMB9, and PARL by ca. 7- to 5-fold, while not affecting
transcription of control gene NIPBL. FBXO4 and IQGAP3 mRNA
levels did not change with or without IFN-� treatment and were
not further affected by LANA expression. These findings suggest
that LANA can modulate the IFN-� response of some host cell
genes.

To further explore the mechanism by which LANA can regu-
late IFN-�-mediated transcription, we first assayed the ability of

LANA and STAT1 or STAT3 to associate using coimmunopre-
cipitation with LANA and STAT1 or STAT3 antibodies (Fig. 6B).
STAT3 is a common binding partner of STAT1 for many IFN-�-
inducible genes (62). We were unable to detect any stable interac-
tion between LANA and STAT1, but we did observe a weak inter-
action between LANA and STAT3. As expected, STAT3 was
coimmunoprecipitated with STAT1. These findings suggest that
LANA may interact weakly with STAT3 to modulate IFN-�-re-
sponsive gene transcription.

We next examined the effect of LANA expression on STAT1
binding to the TAP1 promoter region (Fig. 6C). To this end, we
transfected KSHV-negative DG75 cells with control or FLAG-
LANA expression vectors and then treated them with or without

FIG 4 Consensus binding site of LANA. (A) LANA consensus recognition sequences identified by both ChIP-Seq replicates were identified by MEME analysis
and represented in Web Logo format. (B) EMSA analysis of 32P-labeled probes containing 2� motif 1 (lanes 1 to 4), 2� motif 2 (lanes 5 to 8), or LBS1/2 (lanes
9 to 12). Various amounts of LANA DBD protein was used in binding reaction (0, 0.2, 0.6, and 1.8 �g). Arrowheads indicate LANA-specific bound complexes.
(C) EMSA with LANA bound to 32P-labeled LBS1/2 and challenged with a 1,000-fold excess of cold competitor oligonucleotides that included LBS1/2 (lane 3),
the LANA peak sites in TAP1 (lane 4), IQGAP3 (lane 5), IFI6 (lane 6), MRVI1 (lane 7), and ACVR1C (lane 8). Lane 1 is probe only, and lane 2 is no competitor
control. (D) EMSA analysis of 32P-labeled probes containing LBS1/2 or the LANA peak sites in IFI6 or TAP1. (E) Purified LANA-DBD shown on a Coomassie
blue-stained gel.
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IFN-�. STAT1 binding was examined by ChIP assay. We found
that STAT1 binding was modestly enriched on the TAP1/PSMB9
promoter when DG75 cells were treated with interferon-�, but
this enrichment was abrogated in cells transfected with FLAG-
LANA (Fig. 6C). Similar experiments with STAT3 were also at-
tempted, but STAT3 binding could not be detected by ChIP assay
(data not shown). These findings suggest that LANA can interfere
with the IFN-�-induced enrichment of STAT1 on the TAP1/
PSMB9 promoter.

DISCUSSION

In this study, we used two independent ChIP-Seq experiments to
identify �256 high-confidence binding sites for LANA in the cel-
lular chromosome of a human PEL cell line. Several (�11) of the
high-occupancy binding sites identified by ChIP-Seq were vali-
dated for binding by conventional ChIP and real-time PCR (Fig.
3) in three different KSHV PEL cell lines. Among these 256 bind-
ing sites, we noted that �17.5% (45 sites) are located within 2 kb
of an annotated or predicted transcription start sites (Fig. 2). Two
GC-rich DNA motifs were identified in the high-confidence
LANA binding site data set, and position-weighted matrix (PWM)
analysis, Web LOGO presentation, and STAMP DNA motif com-
parison toolkit revealed that motif 1 sequence is similar to LBS1,
while motif 2 shows less apparent similarity to LBS1 or LBS2 (Fig.
4A and see Table S8 in the supplemental material). We also ob-
served relatively weak or undetectable direct binding of purified
LANA protein to most validated cellular sites, suggesting that the

viral binding sites in TR are the primary direct binding sites for
LANA throughout the virus and host genomes. The relatively few
high-confidence LANA binding sites (�256) identified in our
study suggest that LANA may interact in a dynamic or indirect
manner with many different chromatin domains and require ad-
ditional cellular factors to mediate high-affinity chromosome
binding.

LANA binding sites poorly overlap with previously charac-
terized LANA regulated gene targets. A previous gene expression
profiling study identified a list of cellular gene transcripts that
were affected by LANA (2). In our study, we identified 170
candidate LANA cellular binding sites that could be mapped to
218 known genes (see Table S5 in the supplemental material).
We found that only three of these genes (PITPNB, PTPRC, and
PPP2R5E) were common to the previous gene expression pro-
filing study. Our RT-PCR analysis also showed that the tran-
scription of several candidate genes with the LANA binding site
on their promoter was not changed by ectopic expression of
LANA (data not shown). This suggests that many of the LANA-
bound genes are not subject to LANA-dependent gene activa-
tion or repression. Since our data did not analyze LANA in the
same cells as those analyzed in the expression profiling, it is
possible that LANA regulates genes in a cell-type-specific or
context-specific manner. Alternatively, it is possible that many
LANA binding sites in the cellular genome regulate transcrip-
tion of genes located outside of the �1-kb window that we
examined. It is also possible that LANA affects chromosome

FIG 5 Example of LANA and STAT1 binding peaks near transcriptional start sites of cellular genes. The UCSC genome browser was used to map LANA peaks
(black) and STAT1 IFN-�-stimulated (blue, top) and unstimulated (blue, bottom) peaks to cellular genes for TAP1 (A), IQGAP3 (B), FBXO4 (C), and PARL (D).
RefSeq annotated transcripts are indicated below each ChIP-Seq peak.
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structure that modulate transcription of genes far from the
LANA binding sites.

The P53 and TNF pathway as a target for LANA function.
Network analysis revealed a potential role for LANA in the p53
and TNF pathways (Fig. 2). LANA has been shown to physically
and functionally interact with p53 (9, 14), and our pathways anal-
ysis indicated that LANA can bind near the TSS of several genes
that functionally interact with p53. Thus, LANA may function
coordinately with p53 to regulate a common network of cellular
genes important for cell cycle control in response to DNA damage
or other cellular stress responses. We also found that LANA may
have a role in the TNF network (Fig. 2) and bind to the promoter
proximal regions of several STAT1-dependent IFN-�-regulated
genes (Fig. 5). One of the most enriched LANA binding sites was
in the divergent promoter region of TAP1 and PSMB9. TAP1
plays a major role in assembling peptides into the major histo-
compatibility complex class I (MHC-I) (43), and PSMB9 (previ-

ously designated low-molecular-weight polypeptide 2 [LMP2]) is
a component of 20S proteasome, which is responsible for gener-
ating the pool of peptides that are presented on the cell surface by
MHC-I molecules (47). TAP1 was identified as an IFN-�-induc-
ible gene with STAT1 binding sites on its promoter (34). PSMB9,
which shares a bidirectional promoter with TAP1, was also iden-
tified as IFN-�-inducible gene (16, 45). Our alignment of LANA
and STAT1 peaks on TAP1/PSMB9 promoter region revealed a
significant overlap, which suggests that LANA and STAT1 are
likely to either co-occupy or compete for binding on TAP1/
PSMB9 promoter. The RT-PCR analysis revealed the IFN-�-in-
duced TAP1 and PSMB9 gene expression was downregulated by
ectopic expression of LANA in KSHV-negative BL cells. This sug-
gests that LANA may compete with STAT1 for binding to the
TAP1/PSMB9 promoter region, and this was partially supported
by ChIP assays in IFN-�-treated DG75 cells transfected with or
without LANA (Fig. 6). Thus, LANA can attenuate IFN-�-induc-
ible activation of a target gene and modulate the host cell antiviral
immune response.

Modulation of the innate immune response by viral proteins
appears to be an essential and common strategy for virus infection
and persistence (62). Several other gammaherpesvirus proteins
have been implicated in the regulation of the STAT pathway, in-
cluding KSHV vIL6, which can transform cells through a STAT-
dependent pathway (37, 38), and the ORF50 immediate-early
protein RTA, which can relocalize STAT3 to its nuclear targets
(20). STAT1-responsive gene expression can also be stimulated by
KSHV vFLIP protein during endothelial cell infection (1). The
EBV-encoded EBNA1 protein, which is the functional orthologue
of KSHV LANA, has also been implicated in regulating STAT1
gene expression, although the mechanism of this regulation is not
clear (59). Our studies suggest that LANA interferes with the IFN-
�/STAT1-dependent antigen presentation pathway, since LANA
inhibited the IFN-�-inducible expression of TAP1 and PSMB9
(Fig. 6). Several other KSHV proteins also promote the downregu-
lation of host cell antigen presentation. The virus-encoded pro-
teins MIR1 and MIR2 can restrict MHC protein cycling at the cell
membrane (11), and vIRF1 can inhibit MHC-I gene transcription
(27). Further attenuation of antigen presentation and IFN-� sig-
naling by LANA could greatly facilitate KSHV latently infected
cells from host T-cell recognition and elimination. It is interesting
that LANA bound to genes within the p53 and TNF networks,
both of which would help to promote long-term survival of la-
tently infected cells. The identification and further characteriza-
tion of these LANA targets could reveal a remarkable global strat-
egy for LANA-dependent regulation of host cell processes critical
for viral genome maintenance and host-cell survival during latent
infection.
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